Contraction-stimulated glucose transport by skeletal muscle appears to be caused by the cumulative effects of multiple inputs [potentially including AMP-activated protein kinase (AMPK), Ca 2ϩ flux, and force production], making it challenging to isolate the roles of these putative regulatory factors. To distinguish the effects of force production from the direct consequences of Ca 2ϩ flux, the predominantly type II rat epitrochlearis muscle was incubated without (vehicle) or with N-benzyl-p-toluenesulfonamide (BTS), a highly specific myosin II ATPase inhibitor that prevents force production by electrically stimulated (ES) type II fibers without altering cytosolic Ca 2ϩ . In ES muscles, BTS vs. vehicle had an 84% reduction in force production and a 57% decrement in contraction-stimulated 3-O-methylglucose transport (3MGT). BTS did not alter the ES increase in phosphorylation of CaMKII (indicative of cytosolic Ca 2ϩ ) or the amount of glycogen depletion. ES caused significant reductions in ATP (48%) and phosphocreatine (67%) concentrations for vehicle-treated muscles. For BTS-treated muscles, ES did not reduce ATP and caused only a 42% decrease in phosphocreatine. There was an ES increase in phosphorylation of AMPK, acetyl-CoA carboxylase (an AMPK substrate), and TBC1D1 for vehicle-treated muscles but not for BTStreated muscles. These results point toward an essential role for tension-related events, including AMPK activation, in the 57% contraction-stimulated increase in 3MGT that was inhibited by BTS and further suggest a possible role for TBC1D1 phosphorylation. Nontension-related events (e.g., increased cytosolic Ca 2ϩ rather than increased AMPK and TBC1D1 phosphorylation) are implicated in the contraction-stimulated increase in 3MGT that persisted in the presence of BTS.
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Akt substrate of 160 kDa; contraction; exercise SKELETAL MUSCLE CONTRACTION triggers increased insulin-independent glucose transport by inducing translocation of the GLUT4 glucose transporter to the cell surface (16, 23, 40) , but the precise mechanisms for this effect remain incompletely understood. Using isolated frog skeletal muscle, Holloszy and Narahara (29, 30) provided the initial evidence that increased cytosolic Ca 2ϩ is crucial for contraction-stimulated glucose transport. Subsequent research using rodent muscle supports an important role for increased Ca 2ϩ in activating a portion, but likely not all of the contraction-stimulated increase in glucose transport (7, 57, 60) . A number of studies in mammalian muscle have provided evidence that energy metabolism, especially stimulation of AMP-activated protein kinase (AMPK) but potentially other aspects of metabolism, also is important for a portion of contraction-stimulated glucose uptake (15, 27, 34) . The current consensus is that glucose transport is increased with contraction as the result of the cumulative effects of multiple inputs, with Ca 2ϩ flux and AMPK activation widely believed to be major factors (19, 20, 28, 33, 42, 57) . There also is some evidence for a small role of tension-related processes, possibly independent of altered Ca 2ϩ flux or energy metabolism, in the increased glucose transport induced by contractile activity in mammalian skeletal muscle (31, 32, 45) .
Isolating the independent contributions of increased Ca 2ϩ , metabolism, and tension on contraction-stimulated glucose transport is challenging because of the complex interactions among these factors. Increased cytosolic Ca 2ϩ triggers both metabolism (via sarcoplasmic reticulum-associated ATPase) and tension development, which further activates metabolism. Elevated metabolism, in turn, can modify Ca 2ϩ flux and tension via the feedback effects of metabolites (inorganic phosphate, protons, and others) (1) . One approach has been to incubate isolated muscles with concentrations of caffeine or W7, which cause an increase in cytosolic Ca 2ϩ concentration that is below the threshold for tension development (57, 59, 60) . Muscles incubated with caffeine or W7 and dantrolene (to block increased cytosolic Ca 2ϩ ) do not have increased glucose transport, supporting the idea that elevated cytosolic Ca 2ϩ increases glucose transport. This approach has been very informative, but it does not replicate the much larger and dynamic flux in cytosolic Ca 2ϩ that is typical of physiological contraction. It would be extremely useful to be able to induce the normal, contraction-associated flux of cytosolic Ca 2ϩ without the secondary consequences of activating actinomyosin interaction and tension development.
In this context, the small molecule N-benzyl-p-toluenesulfonamide (BTS) is a valuable new tool for elucidating the mechanisms of contraction-stimulated glucose transport. BTS is an inhibitor of the myosin II ATPase required for force generation in type II (fast twitch) muscle fibers (11, 52) . Importantly, BTS is highly specific and does not alter the cytosolic Ca 2ϩ flux in electrically stimulated skeletal muscle (11, 13, 52) . Therefore, BTS allows the normal contraction-associated Ca 2ϩ dynamics together with a marked reduction in tension.
We used BTS to probe contraction effects on the rat epitrochlearis, a predominantly type II (ϳ85%) skeletal muscle (44) that has been instrumental in elucidating the mechanisms that regulate glucose transport (9, 12, 24, 26, 28, 38, 46, 57, 58, 60). Epitrochlearis muscles, electrically stimulated with a protocol that markedly activates tension development, AMPK, and glucose transport (6, 50) , were used to determine the effect of BTS on contraction-mediated phosphorylation of two Rab GTPase-activating proteins, Akt substrate of 160 kDa (AS160; also known as TBC1D4) and TBC1D1. AS160 and TBC1D1, which become phosphorylated in response to contractile activity, have been implicated as potential modulators of glucose transport via AMPK and/or Ca 2ϩ /calmodulin-related mechanisms (6, 10, 21, 36, 37, 54) .
We hypothesized that the BTS-associated decrement in force production of electrically stimulated rat epitrochlearis muscles would be accompanied by 1) unchanged phosphorylation of CaMKII, an indicator of elevated cytosolic Ca 2ϩ , 2) a smaller decline in ATP and phosphocreatine (PCr) concentrations, leading to attenuated activation of AMPK and phospho-Akt substrate (PAS)-TBC1D1, and 3) reduced contraction-stimulated glucose transport. We also evaluated the effects of BTS on glycogen levels, which have been suggested to modulate glucose transport (15, 27, 35) . In addition, we determined the effects of BTS on contraction-stimulated phosphorylation of Akt and its substrate, glycogen synthase kinase-3 (GSK3). Although increased Akt phosphorylation is not essential for contraction-stimulated glucose transport (21, 49) , it has been implicated in some of the adaptations found with chronic contractile activity, e.g., muscle hypertrophy (18, 43) . and anti-AS160 (no. 07-741) were purchased from Millipore (Billerica, MA). Reagents and apparatus for SDS-PAGE and immunoblotting were obtained from Bio-Rad (Richmond, CA). SuperSignal chemiluminescence kits (West Dura extended duration substrate), BCA total protein assay kits, and T-PER tissue protein extraction reagent were purchased from Pierce Biotechnology (Rockford, IL). All other reagents were obtained from Sigma-Aldrich or Fisher Scientific (Pittsburgh, PA).
METHODS

Materials
Animal treatment. Male Wistar rats (ϳ130 -160 g; Harlan, Indianapolis, IN) were maintained on a 12:12-h light-dark cycle and provided with rodent chow (Lab Diet; PMI Nutritional International, Brentwood, MO) and water ad libitum. The animals were fasted at 1700 the night before the experimental day and were only given access to water thereafter. Rats were anesthetized with an intraperitoneal injection of pentobarbital sodium (ϳ60 mg/kg wt) on the following day between 1000 and 1300. Upon loss of pedal reflexes, both epitrochlearis muscles were rapidly dissected out and treated as described below. Procedures for animal care were approved by the University of Michigan Committee on Use and Care of Animals.
Epitrochlearis muscle treatment. One epitrochlearis muscle from each animal was incubated in a glass vial containing Krebs-Henseleit buffer (KHB) supplemented with 8 mM glucose (buffer 1) and 50 M BTS (dissolved in vehicle: 0.05% DMSO) (41) . The contralateral muscle was incubated in buffer 1 and 0.05% DMSO (vehicle). In experiments where 3-O-methylglucose (3-MG) transport was assessed, buffer 1 was supplemented with 2 mM mannitol. Vials containing the muscles were incubated for 120 min in a water bath (35°C) with continuous gassing (95% O 2-5% CO2) and gentle shaking.
After 120 min of incubation, muscles were mounted in a waterjacketed glass container connected to a temperature-controlled bath containing the same medium as in the preceding incubation step (buffer 1 Ϯ BTS) warmed to 35°C. With the use of stainless steel clips, the distal end of the muscle was attached to a glass rod, and the proximal end was attached to a force transducer (Radnoti, Litchfield, CT) with a resting tension of 0.4 g as previously described (17) . Resting muscles were mounted in the same apparatus at tension of 0.4 g for 5 min but were not stimulated to contract. After 5 min of contraction [pulse duration of 0.1 ms, pulse rate of 100 pulses/s, train duration of 10 s, and train rate of 2 min Ϫ1 (6)] or resting treatment, some muscles were immediately blotted on filter paper dampened with KHB, rapidly trimmed of connective tissue, freeze-clamped, and then stored at Ϫ80°C until subsequent homogenization and analysis. Other muscles to be used for measurement of 3-MG transport were transferred to glass vials containing rinsing medium (KHB supplemented with 2 mM pyruvate and 6 mM mannitol, buffer 2) at 30°C for 10 min before the final incubation step with 3-MG.
For AICAR experiments, muscles were initially incubated for 80 min in buffer 1 with 50 M BTS or with vehicle followed by 40 min of incubation in the same medium supplemented with or without 2 mM AICAR. Muscles were then either freeze-clamped immediately or incubated for 10 min in buffer 2 before being incubated with 3-MG.
Incubation of epitrochlearis muscles with 3-MG. After the 10-min incubation in buffer 2, the epitrochlearis muscles were transferred to glass vials containing KHB with 8 mM 3-MG (including 3-[ 3 H]MG at a final specific activity of 0.25 mCi/mmol) and 2 mM mannitol (including [ 14 C]mannitol at a final specific activity of 0.1 mCi/mmol) at 30°C for 10 min. The epitrochlearis muscles were then rapidly blotted on filter paper dampened with KHB, trimmed, freeze-clamped, and stored at Ϫ80°C until further processing.
Epitrochlearis muscle force production. Muscle tension data were captured using the MP100 system and AcqKnowledge software from BIOPAC Systems (Santa Barbara, CA). The peak developed tension was determined by subtracting the baseline tension from the maximum tension. The area under the curve for force production was determined by calculating the area under the curve for all of the tetani and subtracting the baseline tension. Force production for each muscle was normalized relative to wet muscle mass.
Muscle homogenization. Frozen muscles used for 3-MG transport measurement or immunoprecipitation and/or immunoblotting were homogenized in 1 ml of ice-cold homogenization buffer using glass tissue grinding tubes (Kontes, Vineland, NJ) as described previously (22) . Homogenates were subsequently rotated at 4°C for 1 h before being centrifuged (15,000 g for 15 min at 4°C). A portion of the resultant supernatant was used to determine protein concentration with the bicinchoninic acid assay (53) . Aliquots of the supernatant from some muscles were used for scintillation counting, and 3-MG transport was determined as previously described (8) .
Glycogen, ATP, and PCr measurement. Muscles used for metabolite analysis were extracted in 100 l of 3 M perchloric acid for 5 min and then homogenized using glass tissue grinding tubes. After homogenization, 900 l of H2O were added to the homogenate to yield a 0.3 M perchloric acid muscle extract. An aliquot (400 l) of the extract was removed and stored at Ϫ80°C for subsequent glycogen analysis. Before ATP and PCr analysis, muscle extract was neutralized with KIK (2 N KOH, 0.4 M imidazole, and 0.4 M KCl). ATP and PCr concentrations were determined fluorometrically as previously described (39, 47) . Glycogen concentration was determined using the amyloglucosidase method (47).
Immunoprecipitation. Frozen muscles to be immunoprecipitated by anti-PAS or anti-TBC1D1 were homogenized in T-PER-supplemented homogenization buffer (2 mM Na 3VO4, 2 mM EDTA, 2 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM ␤-glycerophosphate, 1 mM phenylmethylsulfonyl fluoride, and 1 g/ml leupeptin in T-PER). Homogenized muscles (300 -500 g of protein) were mixed with protein G-agarose beads for 30 min, and the resulting supernatant was immunoprecipitated with 1.5 g of anti-PAS or anti-TBC1D1 at 4°C. After gentle rotation overnight, the immunoprecipitation mix was centrifuged at 4,000 g and the supernatant was aspirated. After washing (4 times with 500 l of phosphate-buffered saline), the protein bound to the beads was eluted with 2ϫ Laemmli sample buffer and boiled before being loaded on a polyacrylamide gel.
Immunoblotting. After SDS-PAGE, proteins were electrophoretically transferred to nitrocellulose. Blots were then rinsed briefly with Tris-buffered saline (TBS; 0.14 M NaCl and 0.02 M Tris base, pH 7.6) and then blocked with 5% nonfat dry milk in TBS with 0.1% Tween (TBST) for 1 h at room temperature. The blots were then washed three times for 5 min at room temperature with TBST and subsequently incubated with primary antibody (1:1,000 in TBST with 5% bovine serum albumin) overnight at 4°C. Nitrocellulose membranes were incubated with the appropriate primary antibody for detection of PAS-AS160 (anti-AS160) and PAS-TBC1D1 (anti-PAS). Blots were again washed three times for 5 min with TBST, incubated with the secondary antibody (goat anti-rabbit IgG HRP conjugate; 1:20,000 in TBST with 5% milk) for 1 h at room temperature, washed three times for 5 min with TBST, washed twice for 5 min in TBS, and visualized with enhanced chemiluminescence. Protein bands were quantified by densitometry (Alpha Innotech, San Leandro, CA). The mean values for resting muscles incubated without BTS on each blot were normalized to equal 1.0, and then all samples on the blot were expressed relative to this normalized control value.
Statistical analysis. SigmaStat version 2.0 (San Rafael, CA) was used for statistical analyses. Data are means Ϯ SE. A P value Յ0.05 was considered statistically significant. A paired t-test was used to determine significant differences between paired, electrically stimulated muscles for peak tension and the area under the curve for tension developed. Two-way ANOVA was used to identify significant main effects (contraction and BTS; AICAR and BTS) and interactions (contraction ϫ BTS; AICAR ϫ BTS) for glucose transport, protein phosphorylation, and metabolite concentrations. The source of significant variance was detected with a Student-Newman-Keuls post hoc test. The estimated contraction-and AICAR-stimulated differences (estimated-⌬-contraction or estimated-⌬-AICAR) in glucose transport were calculated by subtracting the mean of the basal transport rates of each treatment (vehicle or BTS) from their respective contraction-or AICAR-stimulated glucose transport values. A t-test was used to determine significant differences between treatments for estimated-⌬-contraction and estimated-⌬-AICAR glucose transport.
RESULTS
For basal muscles (no contraction or AICAR treatment), there were no statistically significant differences between BTS and vehicle groups for any of the measurements made (tension, 3-MG transport, metabolite concentrations, or phosphorylated proteins).
Developed tension. Treatment with BTS compared with vehicle controls resulted in an 83% reduction (P Ͻ 0.0001) in peak developed tension by electrically stimulated muscles (Fig. 1A) . BTS vs. vehicle treatment also resulted in a similar 84% reduction (P Ͻ 0.0001) in the area under the force production curve (Fig. 1B) .
3-MG transport. Contracting vs. resting muscles had an ϳ4.5-fold increase (P Ͻ 0.001) in glucose transport in the vehicle group and an ϳ2.5-fold increase (P Ͻ 0.001) in the BTS group ( Fig. 2A) . BTS vs. vehicle treatment significantly (P Ͻ 0.001) inhibited glucose transport within the contracting muscles by 39% ( Fig. 2A) and yielded a 57% reduction (P Ͻ 0.001) in the estimated contraction-induced increase in glucose transport (estimated-⌬-contraction; Fig. 2B ).
To confirm that BTS had no direct inhibitory effects on glucose transport, we incubated epitrochlearis muscles in AICAR with or without 50 M BTS. AICAR-treated vs. basal muscles had significantly (P Ͻ 0.001) elevated glucose transport rates regardless of the presence of BTS (Fig. 2C) . The Fig. 1 . Tension development. Paired epitrochlearis muscles, incubated with 50 M N-benzyl-p-toluenesulfonamide (BTS) or vehicle, were electrically stimulated to contract (pulse duration of 0.1 ms, pulse rate of 100 pulses/s, train duration of 10 s, train rate of 2 min Ϫ1 for 5 min). A: peak developed tension determined for each tetanus was normalized to the muscle wet weight (g). B: area under the force production curve summed for all 10 tetani was calculated by subtracting the baseline tension from total area under the curve. Values are means Ϯ SE (n ϭ 44). *P Ͻ 0.0001, BTS vs. vehicle.
AICAR-induced increase in glucose transport (estimated-⌬-AICAR) was not significantly different in BTS-vs. vehicletreated muscles (Fig. 2D) .
ATP, PCr, and glycogen concentrations. In the absence of BTS, contraction vs. basal muscles had a significant (P Ͻ 0.001) 48% reduction in ATP concentration (Table 1) . In BTS-treated muscles, ATP concentration was not different for the contraction vs. basal groups. With or without BTS, PCr concentration decreased significantly (P Ͻ 0.001) with contraction vs. respective basal controls, but within the contraction groups, the BTS-vs. vehicle-treated muscles had higher concentrations of PCr (P Ͻ 0.05). The contraction vs. basal groups had lower (P Ͻ 0.001) glycogen concentrations, with or without BTS, and there was no evidence that BTS vs. vehicle groups differed with regard to glycogen concentration after contraction.
Phosphorylation of CaMKII, AMPK, ACC, Akt, and GSK3. As expected, contraction vs. basal muscles had significantly (P Ͻ 0.05) greater pCaMKII in both the vehicle (P Ͻ 0.001) and BTS (P Ͻ 0.05) groups (Fig. 3A) . There was no evidence for a difference in pCaMKII between BTS-and vehicle-treated muscles that were stimulated to contract.
In the absence of BTS, contraction vs. basal muscles had a significant (P Ͻ 0.001) increase in pAMPK, but there was only a nonsignificant (P ϭ 0.149) trend for increased pAMPK in contraction vs. basal muscles from the BTS group (Fig. 3B) . Furthermore, BTS-vs. vehicle-treated muscles had significantly (P Ͻ 0.01) reduced pAMPK within the contraction groups. In the absence of BTS, contraction vs. basal muscles had a significant (P Ͻ 0.001) increase in phosphorylation of ACC (an AMPK substrate), whereas in the BTS group, there was a nonsignificant (P ϭ 0.114) trend for an increase pACC in contraction vs. basal muscles (Fig. 3C) . Within the contraction groups, BTS vs. vehicle treatment had significantly reduced pACC (P Ͻ 0.001). AICAR significantly increased pAMPK (P Ͻ 0.05) and pACC (P Ͻ 0.01) in both the vehicleand BTS-treated muscles, and BTS had no affect on these AICAR effects (data not shown).
In the absence of BTS, contraction vs. basal muscles showed a significant (P Ͻ 0.001) increase in pSer 473 Akt. In the presence of BTS, contraction vs. basal muscles tended (P ϭ 0.119) to have greater values for pSer 473 Akt (Fig. 4A ). BTS reduced (P Ͻ 0.01) the pSer 473 Akt values in muscles stimulated to contract. For pThr 308 Akt, there was a significantly (P Ͻ 0.001) higher value for contraction vs. basal muscles without BTS and also a significant (P Ͻ 0.01) increase in the contraction vs. basal muscles in the presence of BTS (Fig. 4B) . BTS-vs. vehicle-treated muscles that were stimulated to contract had significantly (P Ͻ 0.05) lower values for pThr 308 Akt. In the absence of BTS, contraction vs. basal muscles had a significant (P Ͻ 0.01) increase in pGSK3␣ Ser 21 , and this effect was absent in muscles electrically stimulated in BTS compared with basal controls in BTS (Fig. 4C) . Muscles stimulated to contract without BTS compared with muscles stimulated in the presence of BTS had significantly (P Ͻ 0.05) greater pGSK3␣ Ser 21 . There were no significant effects of contraction or BTS on pGSK3␤ Ser 9 (data not shown). Phosphorylation of AS160 and TBC1D1. PAS-AS160 was significantly (P Ͻ 0.01) increased in muscles stimulated to contract without BTS compared with basal muscles without BTS (Fig. 5A ). There was a statistically nonsignificant (P ϭ 0.053) trend for contraction plus BTS to be greater than basal plus BTS. There also was a nonsignificant (P ϭ 0.167) trend for PAS-AS160 to be lower for contraction with BTS compared with contraction without BTS. In the absence of BTS, contraction vs. basal muscles had a significant (P Ͻ 0.005) increase in PAS-TBC1D1, and this effect of contraction was eliminated by the presence of BTS (Fig. 5B) . Contraction in the presence of BTS compared with contraction without BTS significantly (P Ͻ 0.05) reduced the increase in PAS-TBC1D1.
DISCUSSION
The most important new findings of this study were that BTS induced an 84% decrement in force production in electrically stimulated rat epitrochlearis muscle, leading to a 57% decrease in contraction-stimulated glucose transport despite an unaltered increase in pCaMKII and an unaffected decrease in glycogen concentration. In addition, BTS markedly attenuated the contraction-stimulated depletion of ATP and PCr levels concomitant with substantially diminished activation of AMPK and elimination of the contraction-stimulated increase in PAS-TBC1D1. Together, these findings implicate an essential role for tension-related events, likely including activation of AMPK, in a substantial portion of the contraction-stimulated increase in glucose transport of the predominantly fast-twitch rat epitrochlearis muscle. The data also revealed a tensionrelated and potentially AMPK-dependent mechanism for the increase in PAS-TBC1D1. The results are consistent with the possibility that increased PAS-TBC1D1 may participate in this portion of contraction-stimulated glucose transport. The 43% of contraction-stimulated glucose transport that was not inhibited by BTS was not closely coupled to the amount of force produced, AMPK activation, or PAS-TBC1D1. Rather, it was apparently triggered by other contraction-associated events such as the increased cytosolic Ca 2ϩ . BTS is a highly specific and potent inhibitor of type II fast-twitch skeletal muscle myosin ATPase and tension development (11, 13, 52) . The magnitude of the reduction in tension developed by muscles electrically stimulated in the presence of BTS (84%) corresponded very closely with the proportion of type II fast-twitch fibers (85%) in the rat epitrochlearis muscle (46) . The residual tension in BTS-treated muscles (16% of vehicle-treated, electrically stimulated controls) was presumably attributable to the ϳ15% type I slow-twitch fibers that are not susceptible to BTS-induced inhibition of force production (11) .
In contrast to the marked BTS-induced decline in tension development, the increase in pCaMKII of electrically stimu- lated muscles was unaltered by the presence of BTS. This finding is expected, because BTS does not alter the flux of Ca 2ϩ in electrically stimulated skeletal muscle (11, 13, 52) . The ability of BTS to inhibit force production without altering Ca 2ϩ dynamics allows the direct role of the usual contractionassociated increase in cytosolic Ca 2ϩ to be assessed separately from its secondary consequences, including force production and the associated metabolic consequences. Most of the published evidence indicates that tension development accounts for the largest portion of the energetic demands of rodent skeletal muscle contraction, with the remainder of energy expenditure used for the sarcolemmal Na ϩ -K ϩ pump and the sarcoplasmic reticulum Ca 2ϩ pump (2, 3, 55) . The BTS-induced decline in tension development in electrically stimulated muscles was accompanied by striking changes in the concentrations of high-energy phosphates. In the absence of BTS, ATP decreased by 48% in electrically stimulated muscles compared with nonstimulated controls, whereas in the presence of BTS, ATP concentration did not decline with electrical stimulation. In addition, the magnitude of the contraction-stimulated decrement in PCr was 28% lower in BTStreated muscles compared with vehicle-treated controls. The effect of BTS on high-energy phosphates in electrically stimulated muscle is consistent with a substantial BTS-associated decrease in tension-related energy expenditure.
The higher concentrations of ATP and PCr in muscles stimulated to contract with BTS compared with those in muscles without BTS would be predicted to favor the observed decrease in pAMPK with BTS treatment in electrically stimulated muscle. Lower AMPK activation would, in turn, be expected to account for the BTS-associated reduction in phosphorylation of its substrate, ACC, in electrically stimulated muscle. In contrast, BTS did not attenuate the AICAR-induced increases in pAMPK, pACC, and glucose transport. Because incubation in AICAR does not cause force production, these results strongly suggest that the effects of BTS in electrically stimulated muscles were secondary to the BTS-mediated reduction in tension development, i.e., BTS does not appear to directly affect AMPK, ACC, or glucose transport.
Sandstrom et al. (51) recently reported that in vitro BTS treatment resulted in nearly complete inhibition (ϳ95%) of tension developed by electrically stimulated extensor digitorum longus (EDL) muscles of mice. Surprisingly, they also found that BTS did not reduce the amount of ATP depletion or AMPK activation of electrically stimulated muscles. In an earlier study, they estimated the ATP turnover in electrically stimulated mouse EDL muscle, with and without BTS, and suggested that only ϳ20% of ATP consumption during contraction without BTS was attributable to actinomyosin ATPase (61). Subsequently, Barclay et al. ( 2) determined energy turnover based on measurement of heat production by mouse EDL fiber bundles stimulated using the same contraction protocol with and without BTS. In contrast to the results of Zhang et al. (61) , they estimated that actinomyosin ATPase accounted for approximately two-thirds of the energy turnover, with the balance attributable to ion pumping. Regardless of the explanation for the differing results in mouse EDL, the striking reduction in high-energy phosphate depletion in rat epitrochlearis muscles that were electrically stimulated with BTS compared with that in muscles without BTS indicates that actinomyosin ATPase was likely largely responsible for the energy demand of contraction in the epitrochlearis muscles incubated without BTS.
Sandstrom et al. (51) reported that in mouse EDL incubated with BTS compared with EDL without BTS, there was only an ϳ5% reduction in the increase in glucose transport with electrical stimulation. Because they found that AMPK activation was unaffected by BTS, and BTS does not alter Ca 2ϩ dynamics (11, 13, 52) , the small reduction in glucose transport they observed is consistent with the idea that increased cytosolic Ca 2ϩ and AMPK activation are the major triggers for contraction-stimulated glucose transport. They also evaluated electrically stimulated EDL muscles of rats. The estimated contraction-stimulated increase in glucose uptake above basal values tended to be ϳ33% lower for BTS-treated muscle compared with vehicle-treated controls, but they did not report ATP or AMPK values for rat skeletal muscle.
Among the muscles that have been studied with BTS, mouse EDL had the greatest reduction in tension (95%) with the least reduction in glucose transport (ϳ5%) (51), rat epitrochlearis had an intermediate reduction in tension (84%) and the greatest reduction in glucose transport (57%), and rat EDL had the least reduction in tension (72%) and an intermediate reduction in glucose transport (ϳ33%) (51) . Taking all of these results together, the BTS-induced percent change in force consistently exceeds the percent change in glucose transport, but there does not appear to be a consistent relationship between the magnitude of BTS-induced inhibition of force production and the relative decline in contraction-stimulated glucose transport. These results argue against a large, direct effect of force production (independent of the associated increase in metabolism) on the increased glucose transport with muscle contraction.
The contraction-stimulated increase in PAS-TBC1D1 in skeletal muscle (21, 22, 54) can be eliminated by incubating muscles with the AMPK inhibitor compound C during electrical stimulation (21) . Because compound C did not alter tension development, the BTS-induced decline in PAS-TBC1D1 of electrically stimulated muscles seems likely to be attributable to the marked decline in AMPK activation, rather than being a direct effect of reduced force production. The inhibition of contraction-stimulated PAS-TBC1D1 by compound C was accompanied by a 62% reduction in contraction-stimulated glucose transport, which is similar to the 57% decline in contraction-stimulated glucose transport in muscles stimulated in the presence of BTS. We previously found that continuous electrical stimulation of rat epitrochlearis resulted in an increase in glucose transport that reached a plateau between 20 and 60 min of stimulation. The contraction-stimulated increase in PAS-TBC1D1 that was evident at 20 min of stimulation was completely reversed by 60 min of contraction (22) . Thus PAS-TBC1D1 may participate in triggering the increase in glucose transport, but it is apparently not required for the long-term maintenance of glucose transport with sustained contraction.
BTS substantially reduced Akt phosphorylation in electrically stimulated muscles. This effect presumably accounted for the lack of a significant electrically stimulated increase in PAS-AS160 in muscles treated with BTS, given that previous research has demonstrated that incubation with wortmannin, which inhibits the contraction stimulation of Akt, eliminates the contraction-stimulated increase in PAS-AS160 of rat skeletal muscle (6, 21) . Because wortmannin does not reduce the contraction stimulation of glucose transport, it seems unlikely that the decrements in Akt phosphorylation or PAS-AS160 were important for the BTS-induced reduction in contractionstimulated glucose transport. Eliminating the contraction-stimulated increase in Akt phosphorylation with wortmannin also did not reduce the increase in PAS-TBC1D1. Although Akt is not implicated in contraction-stimulated glucose transport, contraction-stimulated activation of Akt has other important physiological functions, including regulation of muscle growth (18, 43) . The event that triggers the increased Akt phosphorylation with contraction has not been identified, but there is evidence that it may be related to force production. The BTS-associated decrements in pSer 473 Akt, pThr 308 Akt, and pGSK3␣ Ser 21 of electrically stimulated muscles are consistent with this idea.
In contrast to high-energy phosphates, the decline in muscle glycogen concentration in electrically stimulated muscles was unaltered by the presence of BTS. Because BTS does not affect the Ca 2ϩ flux, it seems likely that in both the vehicle-and BTS-treated conditions, the increase in cytosolic Ca 2ϩ led to allosteric activation of phosphorylase kinase, which, in turn, phosphorylated and activated glycogen phosphorylase (4, 5) , with the end result being similar levels of glycogenolysis. The similar glycogen concentration after contractile activity with BTS compared with that without BTS demonstrates that the amount of glycogenolysis is not necessarily closely coupled to force production.
The similar amount of glycogen breakdown induced by electrical stimulation occurred even though inhibition of type II myosin ATPase by BTS reduced the muscle's ATP demand. Lower ATP demand, in turn, favored the higher ATP and PCr levels in electrically stimulated muscles in the BTS group. Conversely, the greater contraction-stimulated glucose transport in vehicle-compared with BTS-treated muscles provided substrate that could potentially be metabolized to help meet the greater ATP demand of the vehicle group. Although it has been hypothesized that glycogen concentration can modulate glucose transport rate (15, 27, 35) , the large BTS-mediated reduction in contraction-stimulated glucose transport was not caused by differences in glycogen concentration. Ultimately, the avail- Fig. 6 . A model for the effects of myosin II ATPase inhibitor BTS on contraction-stimulated glucose transport (GT) in rat epitrochlearis muscle. This model depicts our interpretation of the results of the current study in the context of previously published research on the mechanisms for contractionstimulated GT in skeletal muscle and the effects of BTS on skeletal muscle function. BTS selectively inhibits myosin II ATPase, which in turn favors attenuated reduction in ATP concentration and less activation of AMPK in electrically stimulated type II fibers. Because BTS does not inhibit myosin I ATPase, it is not expected to alter ATP concentration or AMPK activation in type I fibers. BTS does not alter Ca 2ϩ flux of electrically stimulated muscles, regardless of fiber type. Accordingly, we hypothesize that the 57% reduction in contraction-stimulated GT for BTS-vs. vehicle-treated muscles was attributable to reduced AMPK-associated GT in type II fibers. We further hypothesize that the 43% of contraction-stimulated GT that was not inhibited by BTS was attributable to the summed effects of Ca 2ϩ -associated GT in type II fibers and GT in type I fibers. able energy in each group would also depend on the portion of carbohydrate that was fully oxidized and the amount of intramuscular triglyceride that was oxidized.
The AMPK ␤-subunit includes a glycogen binding domain (48) , and there is evidence for a complex relationship between muscle glycogen concentration and AMPK activation (33) . Some studies have shown a negative correlation between muscle glycogen concentration and AMPK activation (14, 56) . Despite similar decrements in glycogen concentration with electrical stimulation in the BTS-compared with vehicletreated group, only the vehicle-treated group had significantly increased pAMPK and pACC. These results demonstrate that the relationship between AMPK activation and glycogen concentration can be uncoupled. AMPK activation in the vehicletreated group was likely secondary to the substantial contraction-associated reduction in ATP concentration in this group.
In conclusion, BTS reduced the estimated contraction-stimulated increase in glucose transport by 57%, and this reduction coincided with a BTS-induced decrease in pAMPK and pACC in electrically stimulated muscles. These results, together with the BTS-related decline in PAS-TBC1D1 of electrically stimulated muscles and our earlier findings with the AMPK inhibitor compound C, suggest that TBC1D1 may be downstream of AMPK and upstream of glucose transport. Further research is necessary to establish whether there are causal relationships in this putative AMPK-TBC1D1-glucose transport pathway. The 43% of contraction-stimulated glucose transport that was not inhibited by BTS was similar to the 50% that was previously estimated for cytosolic Ca 2ϩ -mediated glucose transport by contracting rat epitrochlearis muscle (57) . The contractionstimulated glucose transport not inhibited by BTS would be expected to include glucose transport by the type I fibers, because they are not susceptible to BTS-induced reductions in force production (11) . Earlier research has suggested that Ca 2ϩ -related mechanisms, and not increased AMPK activation (42, 57) , account for most of the contraction-stimulated increase in glucose transport in type I fibers (57) . Regardless of fiber type, BTS would presumably not interfere with mechanisms for increased glucose transport that depend on increased cytosolic Ca 2ϩ , and several Ca 2ϩ -associated processes, including activation of CaMKII (57) and Ca 2ϩ -calmodulin binding to AS160 (36) , have been implicated in the contraction-stimulated increase in glucose transport of muscles that are composed predominantly of type II fibers. Our working hypothesis is that in electrically stimulated rat epitrochlearis muscles, the BTS-inhibitable portion of glucose transport (57%) occurred in type II fibers secondary to tension-associated ATPase cycling, leading to depletion of high-energy phosphates, which in turn caused activation of AMPK, and the portion of contractionstimulated glucose transport that was not inhibited by BTS (43%) was attributable to Ca 2ϩ -dependent mechanisms in both type I and type II fibers (Fig. 6 ).
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